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MEMORANDUM FOR FILE 

T h i s  memorandum d e s c r i b e s  Apollo v e h i c l e  s i z i n g  
s t u d i e s  performed d u r i n g  t h e  l a t t e r  ha l f  o f  1968 f o r  l u n a r  
e x p l o r a t i o n  m i s s i o n s .  E a r l y  r e s u l t s  of these  s t u d i e s  were 
p r e s e n t e d  i n  August 1968 t o  t h e  Apollo Program O f f i c e .  These 
r e s u l t s  have a l s o  s e r v e d  as the  s t a r t i n g  p o i n t  f o r  more r e c e n t  
e f f o r t s .  

T h i s  s t u d y  cons ide red  t h e  m o d i f i c a t i o n s  t o  t h e  
p r e s e n t  Apollo sys tem n e c e s s a r y  t o  meet t h e  o b j e c t i v e s  o f  
a r e a s o n a b l e  l u n a r  e x p l o r a t i o n  program. The s t u d y  was d i r e c t e d  
toward e x t e n d i n g  l u n a r  s t a y t i m e  and i n c r e a s i n g  pay load ,  where 
payload  i s  assumed t o  i n c l u d e  i n c r e a s e d  consumables and hab-  
i t a b i l i t y  as w e l l  as s c i e n t i f i c  equipment and m o b i l i t y  a i d s .  
The r e s u l t i n g  r e q u i r e d  changes t o  s p a c e c r a f t  we igh t s  and m i s -  
s i o n  p r o f i l e s  w i l l  b e  d i s c u s s e d .  

I n  t h i s  r e p o r t  minor changes from t h e  August p re sen -  
t a t i o n  were made t o  t h e  CSM model. These changes were made t o  
b e  c o n s i s t e n t  w i t h  a new bu t  more meaningfu l  t r e a t m e n t  o f  CSM 
AV r e q u i r e m e n t s .  From a sampl ing  o f  s c i e n t i f i c  s i t e s  e x t e n d i n g  
o v e r  t h e  f r o n t  f a c e  o f  t h e  moon, AV r equ i r emen t s  were t a k e n  
f o r  t h e  t h r e e  b e s t  c o n s e c u t i v e  months i n  a year .  The p r o f i l e s  
employed v a r i e d  depending on t h e  a c c e s s i b i l i t y  o f  t h e  s i t e  and 
i n c l u d e d  f r e e  r e t u r n  and h y b r i d  m i s s i o n s  b o t h  w i t h  and w i t h o u t  
DPS a b o r t  c a p a b i l i t y .  An updated LM weight  model was a l s o  
i n c l u d e d  t o  r e f l e c t  improved knowledge of consumables r e q u i r e -  
ments  and a more r e a l i s t i c  approach t o  c a l c u l a t i o n  of pro-  
p e l l a n t  r e q u i r e m e n t s .  

I n  ve ry  b r i e f  form, t h e  s e l e c t i o n  o f  t h e  LM weight  
model began w i t h  t h e  d e t e r m i n a t i o n  o f  a l u n a r  s u r f a c e  pay load  
and a r e t u r n  payload  c o n s i s t e n t  w i t h  LM performance c a p a b i l i t y .  
LM c a p a b i l i t y  was ex tended  beyond nominal  Apollo by changes t o  
t h e  LM d e s c e n t  s t r a t e g y  beg inn ing  w i t h  a lower  l u n a r  p a r k i n g  
o r b i t  a l t i t u d e  and end ing  wi th  a s t e e p e r  d e s c e n t  f l i g h t  p a t h  
from h igh-ga te  t o  h o v e r .  Using t h e  r e s u l t i n g  LM model t h e  CSM 
c a p a b i l i t y  was t h e n  de termined  p a r a m e t r i c a l l y  f o r  d i f f e r e n t  
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ABSTRACT 

The f e a s i b i l i t y  o f  l u n a r  e x p l o r a t i o n  m i s s i o n s  u s i n g  
Apol lo  hardware and m i s s i o n  p r o f i l e s ,  w i t h  minimum r e q u i r e d  
change t o  b o t h ,  i s  i n v e s t i g a t e d .  The b a s i c  p remises  are t h a t  
more payload  b o t h  t o  t h e  l u n a r  s u r f a c e  and t o  l u n a r  o r b i t  w i l l  
be  r e q u i r e d  and t h a t  s i t e s  d i s p e r s e d  ove r  t h e  e n t i r e  f r o n t  f a c e  
of  t h e  moon w i l l  be  o f  s p e c i f i c  i n t e r e s t .  

The r e s u l t s  show t h a t  s p a c e c r a f t  per formance  capa- 
b i l i t i e s  w i l l  a l l o w  m i s s i o n s  t o  s i tes  e s s e n t i a l l y  o v e r  t h e  
e n t i r e  f a c e  o f  t h e  moon and f u r t h e r  w i l l  a l l o w  a LM payload  
as h i g h  as 1800  l b s .  t o  t he  s u r f a c e  c o n c u r r e n t  w i t h  a CSM 
pay load  o f  2700 l b s .  t o  l u n a r  o r b i t  o f  which 700 l b s .  may b e  
r e t u r n e d  t o  e a r t h .  
which r e s u l t s  i s  less t h a n  105,000 l b s . ,  which i s  w i t h i n  es t imated 
c a p a b i l i t y .  

The launch v e h i c l e  payload  r equ i r emen t  

The s i g n i f i c a n t  p r o f i l e  changes r e q u i r e  t h e  u s e  o f  
h y b r i d  t r a j e c t o r y  p r o f i l e s  and mul t i - impulse  l u n a r  o r b i t  i n -  
s e r t i o n  and d e p a r t u r e .  It  i s  s u g g e s t e d  t h a t  t h e  CSM d e l i v e r  
t h e  LM t o  a 50 ,000  f t .  l u n a r  o r b i t  and t h e  CSM s u b s e q u e n t l y  
pe r fo rm a c t i v e  rendezvous w i t h  t h e  LM. I n  a d d i t i o n ,  mod i f i ca -  
t i o n s  t o  t h e  d e s c e n t  p r o f i l e  i n c l u d e  lower h igh -ga te  a l t i t u d e ,  
s t eepe r  d e s c e n t  f l i g h t  p a t h ,  and reduced  t i m e  from h igh-ga te  
t o  touchdown. 
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CSM and l u n a r  o r b i t  payload  weQh.ts. CSM models were t h e n  
se l ec t ed  t o  be compa t ib l e  w i th  p r o f i l e  r e q u i r e m e n t s  
f o r  a comprehensive s e t  o f  mi s s ions  t o  s i t e s  o f  s c i e n t i f i c  
i n t e r e s t  . 

i 

For  t h e  s p a c e c r a f t  models s e l e c t e d  t h e  maximum 
r e q u i r e d  l aunch  v e h i c l e  c a p a b i l i t y  was n e a r  1 0 5 , 0 0 0  l b s .  
C u r r e n t  l aunch  v e h i c l e  payload  estimates i n d i c a t e  t ha t  t h i s  
r equ i r emen t  w i l l  n o t  b e  a c o n s t r a i n t .  

Lunar Module S i z i n g  

T h i s  s e c t i o n  d i s c u s s e s  i n  g e n e r a l  terms t h e  d e r i v a -  
t i o n  o f  t h e  b a s e l i n e  LM we igh t s .  For  more d e t a i l  on t h e  
assumpt ions  made, see Appendix A .  

I n  o r d e r  t o  ex tend  l u n a r  s t a y t i m e  and i n c r e a s e  
pay load  w i t h o u t  major  LM hardware changes,  i t  i s  n e c e s s a r y  
t o  modify t h e  m i s s i o n  p r o f i l e .  For t h e  nominal  f i r s t  l u n a r  
l a n d i n g  m i s s i o n ,  t h e  CSM has more p r o p e l l a n t  margin t h a n  t h e  
LM. Hence, one approach  fo l lowed was t o  s h i f t  AV r e q u i r e m e n t s  
from t h e  LM t o  t h e  CSM. Reducing t h e  l u n a r  p a r k i n g  o r b i t  
a l t i t u d e  from 60  n.m. t o  5 0 , 0 0 0  f t ,  t r a n s f e r s  about  1 5 0  f p s  
o f  t h e  LM d e s c e n t  requi rement  t o  t h e  CSM. S i m i l a r l y ,  t h e  
burden  of  t h e  rendezvous could  b e  t r a n s f e r r e d  t o  t h e  CSM, 
r e l a x i n g  the  LM a s c e n t  A V  requi rement  ( R C S )  b y  t h e  c u r r e n t  
budget  a l lowance  of  336 f p s . *  

The modi f ied  a s c e n t  s t r a t e g y  r e q u i r e s  t h e  a s c e n t  
s t a g e  t o  i n s e r t  i n t o  a 1 0  n.m. c i r c u l a r  l u n a r  o r b i t .  I n  t h e  
nominal  c a s e  t h i s  would p l a c e  t h e  LM i n  an o r b i t  1 0 , 0 0 0  f t .  
above t h e  CSM which would t h e n  per form a t r a n s f e r  maneuver 
t o  rendezvous w i t h  t h e  LM. The LM a s c e n t  budget  p r e s e n t l y  
p r o v i d e s  6030 f p s  f o r  i n s e r t i o n  i n t o  a 1 0  n.m. x 30 n.m. 
e l l i p t i c  o r b i t .  By u s i n g  a 1 0  n.m. circular o r b i t  t h i s  re- 
qui rement  can b e  reduced  t o  6000 f p s .  I n c l u d i n g  2 1  f p s  f o r  
an  out-of-plane c o r r e c t i o n  o f  0 . 5  d e g r e e s ,  t h e  t o t a l  nominal  
a s c e n t  budget  becomes 6 0 2 1  f p s .  The p r e s e n t  d i s p e r s i o n  a l low-  
ance  o f  1 0  f p s  was used .  The a s c e n t  budget  employed here a l o n g  
w i t h  t h e  p r e s e n t  Apollo budget i s  g i v e n  i n  F i g u r e  1. 

* 
With t h i s  p r o f i l e  t he  CSM would remain a t  5 0 , 0 0 0  f t .  

u n t i l  e x e c u t i o n  of  rendezvous.  The u s e  o f  t h i s  low l u n a r  
p a r k i n g  o r b i t  cou ld  p r e s e n t  d i f f i c u l t i e s  w i t h  the rma l  b a l a n c e  
and l i n e - o f - s i g h t  r a t e s  t o  landmarks.  If n e c e s s a r y ,  t h e  CSM 
c o u l d  p l a c e  t h e  LM i n  a 20 n.m.  p a r k i n g  o r b i t  and per form 
a c t i v e  rendezvous w i t h  t h e  LM i n  a 30 n.m. p a r k i n g  o r b i t .  
The r e s u l t i n g  LM a s c e n t  AV budget i n c r e a s e  would b e  6 0  f p s  
and t h e  l anded  payload  p e n a l t y  would b e  176 l b s .  
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LM d e s c e n t  p r o f i l e  m o d i f i c a t i o n s  and t h e  r e s u l t i n g  
AV budget  are d i s c u s s e d  i n  d e t a i l  i n  Reference  1. The AV 
budget  i s  shown i n  F i g u r e  1 and t h e  p r o f i l e  m o d i f i c a t i o n s  a r e  
summarized below. 

O Reduce h igh-ga te  from 9650 f e e t  t o  6935 f e e t .  

O Reduce t i m e  f r o m  high-gate t o  touchdown from 
1 6 0  seconds  t o  120 seconds .  

O Assume a v a i l a b i l i t y  o f  h i g h  end t h r o t t l i n g .  

0 Use '15' approach f l i g h t  p a t h  a n g l e .  

O I n c r e a s e  r e d e s i g n a t i o n  and manual c o n t r o l  
a l lowance .  

Two l i m i t a t i o n s  on t h e  maximum LM t o t a l  weight  a re  
(1) t h e  LM d e s c e n t  s t a g e  performance c a p a b i l i t y ,  i n c l u d i n g  
I 
we igh t  l i m i t ,  i n c l u d i n g  t h e  l a n d i n g  g e a r  and o t h e r  s t r u c t u r a l  
l i m i t a t i o n s .  The cu rves  i n  F i g u r e s  2 ,  3 ,  and 4 i n d i c a t e  
these l i m i t a t i o n s .  

AV, and p r o p e l l a n t  t ank  c a p a c i t y ,  and ( 2 )  t h e  l anded  
SP,  

F i g u r e  2 shows t h e  performance l i m i t s .  The maximum 
p e r m i s s i b l e  LM E a r t h  l aunch  weight  i s  p l o t t e d  a g a i n s t  t h e  
d e s c e n t  AV c a p a b i l i t y  f o r  t h r e e  v a l u e s  o f  nominal d e s c e n t  
e n g i n e  I The c u r v e s  assume t h e  d e s c e n t  p r o p e l l a n t  t a n k s  
are loaded  t o  t h e i r  c a p a c i t y .  C l e a r l y  t h e  h i g h e r  I ' s  

( c o r r e s p o n d i n g  t o  more e f f i c i e n t  e n g i n e s )  and lower  AV re-  
qu i r emen t s  p e r m i t  t h e  h i g h e s t  LM w e i g h t s .  Note t h a t  on these  
c u r v e s  an  i n c r e a s e  i n  LM E a r t h  l aunch  weight  would r e s u l t  
d i r e c t l y  i n  an  i n c r e a s e d  landed  we igh t ,  s i n c e  t h e  p r o p e l l a n t  
q u a n t i t y  i s  he ld  c o n s t a n t .  

SP 
S P  

F i g u r e  3 shows how t h e  maximum LM E a r t h  l aunch  weight  
i s  a f f e c t e d  by t.he maximur?. a l l e w a b l e  landed  w e i g h t .  S e t s  ~ f '  
c u r v e s  are shown f o r  two v a l u e s  o f  t h e  landed  weight  l i m i t ' ,  
1 6 , 2 0 0  pounds ( c u r r e n t  l a n d i n g  gear s p e c i f i c a t i o n )  and 1 7 , 0 0 0  
pounds.  On these  c u r v e s ,  t h e  l anded  weight  i s  h e l d  c o n s t a n t  
w h i l e  t h e  u s a b l e  p r o p e l l a n t  i s  a l lowed t o  v a r y .  For a g i v e n  
I t h e  lower  AV's r e q u i r e  l e s s  p r o p e l l a n t ,  s o  t h e  Ea r th  
l a u n c h  weight  (which i s  t h e  sum o f  t h e  landed  we igh t ,  t h e  
d e s c e n t  p r o p e l l a n t ,  a n d  t h e  d e s c e n t  expendables  minus t h e  
CSM t o  LM t r a n s f e r r e d  weight) i s  lower .  I f  more p r o p e l l a n t  
t h a n  t h e  r e q u i r e d  amount were loaded  ( g i v i n g  a h i g h e r  E a r t h  

SP, 
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l a u n c h  w e i g h t ) ,  a l l  of  it would n o t  be consumed d u r i n g  t h e  
d e s c e n t ,  s o  the  l anded  weight  l i m i t  would b e  exceeded .  A l so ,  
s i n c e  a n  eng ine  w i t h  a h i g h e r  I r e q u i r e s  l ess  p r o p e l l a n t  
f o r  a g i v e n  AV, t h e  a l l o w a b l e  E a r t h  l a u n c h  weight  l i m i t  f o r  
a g i v e n  landed  weight and AV i s  lower  for t h e  h i g h e r  I ' s .  

SP 

SP 

Both t h e  performance and l anded  weight  l i m i t s  are 
shown on F i g u r e  4 ,  which i s  a composi te  o f  t h e  p r e v i o u s  two 
f i g u r e s  u s i n g  a d e s c e n t  I o f  301 seconds .*  The i n t e r s e c t i o n  
of these cu rves  shows t h e  maximum LN Ea r th  launch  we igh t  and 
t h e  co r re spond ing  AV c a p a b i l i t y ,  f o r  t h e  assumed p r o p e l l a n t  
t a n k  c a p a c i t y  and landed  weight  l i m i t .  For  t h e  d e s c e n t  AV 
budget  shown i n  F i g u r e  1 (6800 f p s  nominal ,  150 f p s  d i s p e r s i o n )  
and  a n  i n t e g r a t e d  ave rage  nominal d e s c e n t  I of  301 s e c o n d s ,  
F i g u r e  4 i n d i c a t e s  a LM E a r t h  launch  weight  o f  33,696 pounds 
and a l anded  weight  of 1 6 , 7 9 7  pounds.  Although t h e  d e s i g n  
s p e c i f i c a t i o n  l anded  weight  i s  on ly  16,200 pounds,  s t u d i e s  
have  i n d i c a t e d  t h a t  t h e  l a n d i n g  g e a r  as des igned  i s  a d e q u a t e  
f o r  1 7 , 0 0 0  pounds,  and t h a t  on ly  minor  s t r u c t u r a l  s t r e n g t h e n i n g  
would b e  r e q u i r e d  f o r  t he  h e a v i e r  l anded  weight  (Refe rence  2 ) .  

SP 

SP 

With t h e  maximum LM E a r t h  l aunch  weight  e s t a b l i s h e d ,  
i t  i s  now n e c e s s a r y  t o  de te rmine  t h e  d i s t r i b u t i o n  o f  t h i s  
weight  between p r o p e l l a n t ,  i n e r t  s t a g e  w e i g h t s ,  and t h e  a l l o w -  
ance  f o r  payload .  S i n c e  a r easonab ly  s t a b l e  r e f e r e n c e  was 
d e s i r e d ,  t h e  Apollo Program S p e c i f i c a t i o n  c o n t r o l  we igh t s  were 
chosen as a basis f o r  t h e  LM a s c e n t  and d e s c e n t  i n e r t  w e i g h t s .  
However, i t  shou ld  be n o t e d  t h a t  a l t h o u g h  t h e  l a t e s t  r e p o r t e d  
( R e f e r e n c e  10) LM-6 a s c e n t  weight  i s  68 pounds below t h e  c o n t r o l  
v a l u e ,  the  d e s c e n t  s tage exceeds  i t s  c o n t r o l  weight  by 148 
pounds.  

S i n c e  t h e  d e s c e n t  p r o p e l l a n t  was s p e c i f i e d  i n  de te r -  
mining  t h e  t o t a l  LM E a r t h  launch  we igh t ,  t h e  remain ing  v a r i a b l e s  
are t h e  payload  and t h e  a s c e n t  p r o p e l l a n t .  F igu re  5 shows t h e  
t r a d e o f f  between payload  c a r r i e d  t o  t h e  s u r f a c e  and p a y l z a d  
i -e turnea  t o  l u n a r  o r b i t .  The midd le  cu rve  co r re sponds  t o  t h e  
I and LM weight  d i s c u s s e d  above ( 3 0 1  seconds nominal  and 
33,696 pounds) .  Two p r o p e l l a n t  l i m i t  l i n e s  are shown: one 
r e p r e s e n t i n g  t h e  c a p a c i t y  of t h e  main a s c e n t  p r o p u l s i o n  s y s t e m  
(APS) p r o p e l l a n t  t a n k s  p l u s  R C S  p r o p e l l a n t  a v a i l a b l e  f o r  
t r a n s l a t i o n a l  AV d u r i n g  a s c e n t ,  and one r e p r e s e n t i n g  t h e  APS 

SP 

It 
Reference  3 u s e s  a nominal d e s c e n t  I o f  300.5 seconds ,  

w i t h  a d i s p e r s i o n  of  +3.98 seconds .  SP - 
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p r o p e l l a n t  c a p a c i t y .  P o i n t s  l y i n g  t o  t h e  r i g h t  o f  t h e  APS 
l i n e  r e q u i r e  more p r o p e l l a n t  t h a n  t h e  APS t a n k  l i m i t ,  and 
p o i n t s  t o  t h e  r i g h t  o f  t h e  APS t RCS l i n e  r e q u i r e  more pro-  
p e l l a n t  t h a n  t h e  APS t a n k  l i m i t  p l u s  RCS p r o p e l l a n t  a v a i l a b l e  
f o r  t r a n s l a t i o n a l  AV. P o i n t s  t o  t h e  l e f t  o f  these l i n e s  
r e q u i r e  o f f - l o a d i n g  e i t h e r  RCS o r  APS p r o p e l l a n t ,  o r  b o t h .  
The f l a t  p o r t i o n s  o f  t h e  cu rves  ( f o r  r e t u r n  pay loads  l e s s  
t h a n  220 pounds) r e s u l t  from t h e  c u r r e n t  p r a c t i c e  of  b a s i n g  
a s c e n t  p r o p e l l a n t  l o a d i n g  on t h e  touchdown a b o r t  c o n d i t i o n .  
The assumpt ions  used  f o r  consumable, t r a n s f e r r e d ,  and j e t t i s o n e d  
items are such  t h a t  t he  l u n a r  l i f t - o f f  weight  for a nominal 
m i s s i o n  ( e x c l u d i n g  s c i e n c e  a l lowance)  i s  220 pounds l i g h t e r  
t h a n  t h e  touchdown a b o r t  we igh t .  Thus, on a nominal  m i s s i o n ,  
any r e t u r n  payload  up t o  220 pounds would n o t  r e q u i r e  a d d i t i o n a l  
a s c e n t  p r o p e l l a n t ,  o r  i n  terms o f  F i g u r e  5 ,  would no t  r e q u i r e  
a co r re spond ing  change i n  s u r f a c e  pay load .  S i n c e  220 pounds 
o f  r e t u r n  payload  i s  c o n s i d e r e d  a d e q u a t e ,  t h e  a l l o w a b l e  s u r f a c e  
pay load  i s  1854 pounds.  The s u r f a c e  payload  weight i n  F i g u r e  
5 i n c l u d e s  t h e  c u r r e n t  300 pound a l lowance  f o r  s c i e n c e .  It 
s h o u l d  b e  n o t e d  t h a t  s i n c e  the  cu rve  of F i g u r e  5 i s  dependent  
upon t h e  assumed s e t  o f  a s c e n t  and d e s c e n t  s t a g e  i n e r t  weights ,  
t h e  s u r f a c e  and/or  r e t u r n  payload must be a d j u s t e d  t o  accoun t  
f o r  any d i f f e r e n c e s  between t h e  assumed i n e r t  s t a g e  we igh t s  
and t h e  a c t u a l  f l i g h t  weights.  

A summary of t h e  LM w e i g h t s ,  p l u s  t h e  performance 
v a l u e s  assumed, i s  g i v e n  i n  F i g u r e  6 .  

Command and S e r v i c e  Module S i z i n g  

Command and S e r v i c e  Module performance a n a l y s i s  i s  
dependent  upon t h e  Lunar Module model.  Fo r  CSM c o n s i d e r a t i o n s  
t h e  33,696 l b .  LM weight model deve loped  i n  t h e  p r e v i o u s  s e c -  
t i o n  w i l l  be employed. A convenient  g r a p h i c a l  r e p r e s e n t a t i o n  
f o r  CSM c a p a b i l i t i e s  i s  i l l u s t r a t e d  i n  F i g u r e  7 .  Here AV 
c a p a b i l i t y  w i t h  t h e  LM a t t a c h e d  i s  p l o t t e d  v e r s u s  AV c a p a b i l i t y  
w i t h o u t  t h e  LM. T h i s  p l o t  i s  u s e f u l  f o r  comparing m i s s i o n  A V  
r equ i r emen t s  w i t h  t h e  c a p a b i l i t y  of  a g i v e n  c o n f i g u r a t i o n  s i n c e  
v a r i o u s  m i s s i o n  p r o f i l e s  have d i f f e r e n t  d i s t r i b u t i o n s  o f  AV 
w i t h  and w i t h o u t  t h e  LM a t t a c h e d .  For  t h e  s p a c e c r a f t  weight  
models g iven  t h e  l i n e  on t h i s  graph  r e p r e s e n t s  t h e  combina t ions  
o f  AV which r e q u i r e  a l l  u s a b l e  p r o p e l l a n t .  

c a p a b i l i t y  w i t h  a LM weight o f  33,696 l b s .  which was d e r i v e d  
f o r  a n  1854 lb. l anded  payload and a 220 l b .  r e t u r n  pay load .  
Three d i f f e r e n t  CSM models were compared, each  o f  which re- 
s u l t s  i n  e q u a l  per formance  c a p a b i l i t y .  For  each  model t h e  
t r a n s l u n a r  and l u n a r  o r b i t  expendables  were 300 and 700  l b s .  

S p e c i f i c a l l y ,  t h e  l i n e  on F i g u r e  7 shows t h e  SPS 
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r e s p e c t i v e l y .  The CSM i n e r t  weight  used  i s  t h e  c o n t r o l  weight  
v a l u e .  A 200 l b .  i n c r e a s e  i n  l u n a r  o r b i t  expendab les  was made 
t o  p r o v i d e  f o r  l o n g e r  l u n a r  o r b i t  s t ay t imes .  C u r r e n t  CSM i n e r t  
weight  i s  866 l b s .  below the  c o n t r o l  we igh t  v a l u e  (Refe rence  10). 
Three d i f f e r e n t  l u n a r  payload c o n f i g u r a t i o n s  were c o n s i d e r e d .  
These a re  d e s i g n a t e d  as model numbers I ,  I1 and I11 i n  F i g u r e  
8 .  
t a k e n  t o  l u n a r  o r b i t  and r e t u r n e d  t o  ea r th  are c o n s i d e r e d .  

Note t h a t  b o t h  pay load  j e t t i s o n e d  i n  l u n a r  o r b i t  and payload  

AV r equ i r emen t s  f o r  v a r i o u s  m i s s i o n s  can b e  supe r -  
imposed on t h i s  p l o t .  A p o i n t  l y i n g  below t h e  l i n e  r e p r e s e n t s  
a m i s s i o n  t h a t  i s  f eas ib l e ,  and  t h e  AV margin can  b e  read o f f  
d i r e c t l y .  Note t h a t  any p o i n t  on t h e  l i n e  r e p r e s e n t s  an  
e q u i v a l e n t  CSM AV budget  s i n c e  a l l  p o i n t s  on t h e  l i n e  g i v e  
e q u a l  p r o p e l l a n t  consumption. 

Miss ion  AV r equ i r emen t s  f o r  l u n a r  e x p l o r a t i o n  w i l l  
of  c o u r s e  depend on t h e  launch da t e ,  t h e  l a n d i n g  s i t e  and 
t h e  m i s s i o n  p r o f i l e  s e l e c t e d .  P o s s i b l e  p r o f i l e s  cou ld  employ 
f r e e  r e t u r n ,  non-f ree  r e t u r n ,  or h y b r i d  t r a j e c t o r i e s .  For 
l a n d i n g  s i t e s  f a r  o f f  o f  t h e  l u n a r  e q u a t o r  a t h r e e  impulse 
l u n a r  o r b i t  i n s e r t i o n  and d e p a r t u r e  w i l l  b e  r e q u i r e d  i n  some 
c a s e s .  The shaded area i n  F igu re  7 d e l i n e a t e s  t h e  AV r e q u i r e -  
ments t o  r e a c h  s i t e s  o f  s c i e n t i f i c  i n t e r e s t .  The envelope  was 
c o n s t r u c t e d  t o  e n c l o s e  t h e  AV r e q u i r e m e n t s  f o r  m i s s i o n s  t o  
each s i t e  c o n s i d e r e d  f o r  three c o n s e c u t i v e  months.  F o r  l e s s  
a c c e s s i b l e  s i t e s  t h e  h y b r i d  p r o f i l e  was used  and i n  some c a s e s  
a th ree  impulse LO1 and TEI was n e c e s s a r y .  A s e r i e s  o f  r e p o r t s  
p r e p a r e d  by TRW Systems f o r  MSC s u p p l i e d  most of  t h e  AV data  
f o r  these s i t e s  (Refe rences  5-9) .  The r e q u i r e m e n t s  i n c l u d e  c o s t s  
f o r  CSM a c t i v e  rendezvous w i t h  t h e  LM and s t a n d a r d  cont ingency  
and d i s p e r s i o n  a l lowances  as w e l l  as d e l i v e r y  o f  t h e  LM t o  a 
50 ,000  f t .  c i r c u l a r  o r b i t .  The CSM m i s s i o n  independent  AV 
budget  and consumables are d i s c u s s e d  i n  Appendix B .  F i g u r e  9 
l i s t s  t h e  s i t e s  and p r o f i l e  t y p e s  which were employed i n  t h e  
g e n e r a t i o n  of  t h e  AV requi rement  enve lope .  A AV c a p a b i l i t y  
of  3220 f p s  w i t h  t h e  LM a t t a c h e d  and 4000 f p s  wi thou t  t h e  LM 
would a s s u r e  a c c e s s i b i l i t y  of a l l  s i t e s  c o n s i d e r e d  f o r  a t  l e a s t  
th ree  c o n s e c u t i v e  m m t h s .  

LM payload  c a p a b i l i t y  was i n c r e a s e d  b y  s h i f t i n g  AV 
r e q u i r e m e n t s  from t h e  LM t o  the  CSM ( r e d u c i n g  t h e  l u n a r  p a r k i n g  
o r b i t  a l t i t u d e  from 60 n.m. t o  5 0 , 0 0 0  f t .  and employing CSM 
a c t i v e  rendezvous)  and by  modifying t h e  LM d e s c e n t  p r o f i l e  
( r e d u c i n g  h igh -ga te  a l t i t u d e ,  r e d u c i n g  t i m e  from h igh-ga te  t o  
touchdown, and u s i n g  4 5 O  approach f l i g h t  p a t h  a n g l e ) .  For 
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the  d e s c e n t ,  a nominal  AV of 6800 f p s  w i t h  a d i s p e r s i o n  a l low-  
ance  o f  150 f p s  was u s e d .  For t h e  a s c e n t ,  t h e  nominal  AV 
was 6 0 2 1  f p s  w i t h  a d i s p e r s i o n  a l lowance  o f  1 0  f p s .  The spe-  
c i f i c  impulse  v a l u e s  f o r  d e s c e n t  and a s c e n t  were 3 0 1  t 4  s e c .  
and 307.5 t 4 . 1  s e c .  r e s p e c t i v e l y .  The r e s u l t i n g  t o t a r  LM 
Ear th  l aunzh  we igh t  was 33,696 l b s . ,  w i t h  a l u n a r  s u r f a c e  
payload  of  1854 l b s .  ( i n c l u d i n g  t h e  amount r e q u i r e d  f o r  i n -  
c r e a s e d  s t a y t i m e )  and a r e t u r n  pay load  o f  220 l b s .  

The p r o f i l e  changes a f f e c t i n g  CSM performance r e q u i r e -  
ments are  t h e  use  of o t h e r  t han  f r ee  r e t u r n  t r a j e c t o r i e s ,  d e l i v e r y  
of t h e  LM t o  a lower  p a r k i n g  o r b i t  a l t i t u d e ,  and CSM a c t i v e  
rendezvous .  Using these p r o f i l e  changes ,  m i s s i o n s  a re  f eas ib l e  
t o  a l l  o f  the  s c i e n c e  s i tes  s t u d i e d  f o r  a t  l e a s t  t h r e e  consecu- 
t i v e  months. A t o t a l  AV budget  f o r  t h e  CSM, i n c l u d i n g  t h e  
m i s s i o n  independent  v e l o c i t y  r e a u l r e m e n t s ,  i s  composed of  3220 
f e e t  p e r  second f o r  maneuvers w i t h  t h e  LM a t t a c h e d  and 4000  
f e e t  p e r  second f o r  maneuvers w i t h o u t  t h e  LM. Performance con- 
s i s t e n t  w i t h  t h i s  budget  p r o v i d e s  a c c e s s i b i l i t y  t o  a l l  o f  t h e  
s i t e s  s t u d i e d .  

It was shown t h a t  2700 lbs. o f  CSM payload  c o u l d  b e  
d e l i v e r e d  t o  l u n a r  o r b i t ,  l e a v i n g  t h e  LM and 2000 l b s .  i n  l u n a r  
o r b i t  and r e t u r n i n g  700 l b s .  o f  payload  t o  e a r t h .  The l aunch  
v e h i c l e  payload  r equ i r emen t s  i n  t h i s  c a s e  are  l e s s  t h a n  1 0 5 , 0 0 0  
l b s .  

D. R .  Anselmo 

DRA 2 0 13 -JLM- s r b  
( p - - A a / j b  J. L.  Marshall, Jr. 

A t  t achmen t s 
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c 

The ma jo r  assumpt ions  on t h e  m i s s i o n  p r o f i l e  were 
d i s c u s s e d  i n  t h e  body o f  t h i s  memorandum. T h i s  appendix  c o v e r s  
a d d i t i o n a l  assumpt ions  used  i n  d e r i v i n g  t h e  f i g u r e s .  

The approach used i s  t h e  one p r e s e n t e d  i n  Reference  
3. However, v a l u e s  f o r  p r o p e l l a n t  c a p a b i l i t i e s ,  consumables ,  
t r a n s f e r r e d  items and j e t t i s o n e d  i tems were updated  t o  r e f l e c t  
p r o f i l e  d i f f e r e n c e s  and more c u r r e n t  da ta .  Some o f  t h e  more 
i m p o r t a n t  f e a t u r e s  are o u t l i n e d  below: 

1. Prev ious  r e p o r t i n g  on Apollo S p a c e c r a f t  has a l lowed 
s imul t aneous  occur rence  of  minimum ISD, maximum AV, 

maximum p r o p e l l a n t  r e s i d u a l s ,  e t c .  
used here combines independent  d i s p e r s i o n s  s t a t i s -  
t i c a l l y  ( root-sum-squared)  rather t h a n  add ing  them 
d i r e c t l y .  

The approach  

2 .  Prev ious  c a l c u l a t i o n s  have g e n e r a l l y  made the  con- 
s e r v a t i v e  assumption t h a t  consumable i tems ( e . g . ,  
RCS a t t i t u d e  c o n t r o l  p r o p e l l a n t )  used d u r i n g  a bu rn  
are  n o t  consumed u n t i l  t h e  comple t ion  of  t h e  b u r n .  
The approach now used assumes t h a t  a l l  i tems consumed 
d u r i n g  t h e  powered d e s c e n t  a re  used l i n e a r l y  as a 
f u n c t i o n  o f  time. 

3. The c u r r e n t  c o n t r o l  we igh t s  ( a s c e n t  = 4950 i n e r t  
p l u s  570 u s a b l e  RCS p r o p e l l a n t ,  d e s c e n t  = 4750) 
i n c l u d e  a l l  unusable  p r o p e l l a n t s .  P a r t  o f  these  
r e s i d u a l  p r o p e l l a n t s  are c o n s i d e r e d  d i s p e r s i o n s ,  and 
s i n c e  t h e y  are  independent  o f  t h e  o t h e r  d i s p e r s i o n s  

AV, e t c . ) ,  t h e y  can  b e  combined mentioned ( I  
s t a t i s t i c a l l y  w i t h  t h e  o t h e r s .  However, when t h i s  
i s  done, t h e  c o n t r o l  we igh t s  shou ld  b e  a d j u s t e d  
a c c o r d i n g l y .  The e q u i v a l e n t s  t o  t h e  ascen t  2r.d 
d e s c e n t  c o n t r o l  weights  are  4867.1 and 4551 pounds 
r e s p e c t i v e l y .  This d e s c e n t  v a l u e  i n c l u d e s  t h e  
c u r r e n t  300 pound a l lowance  for s c i e n c e  payload;  
i t  was more convenient  t o  c o n s i d e r  t h i s  as p a r t  o f  
t h e  o v e r a l l  payload ,  s o  t h e . d e s c e n t  i n e r t  we igh t  
was decreased t o  4 2 5 1  pounds.  

mod i f i ed  t o  r e f l e c t  m i s s i o n  p r o f i l e  changes.  A 
t o t a l  o f  282.5 pounds was assumed f o r  a t t i t u d e  

SP ' 

4 .  The R C S  p r o p e l l a n t  budget  i s  based on Reference  4 ,  
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c o n t r o l  and checkout ,  i n c l u d i n g  LM a c t i v e  docking .  
A s  shown In T a b l e  A - 1 ,  t h i s  l e a v e s  288.3 pounds 
a v a i l a b l e  f o r  t r a n s l a t i o n a l  AV; however,  f o r  t h e  
r e f e r e n c e  m i s s i o n  chosen ,  t h i s  288.3 pounds and  
some o f  t h e  a s c e n t  p r o p e l l a n t  were o f f - l o a d e d .  

5. Tab le  A - 1  a l s o  i n d i c a t e s  t h e  a s c e n t  and d e s c e n t  
p r o p e l l a n t  t a n k  c a p a c i t i e s .  The items l i s t e d  i n  
t h i s  table a r e  d e f i n e d  i n  Refe rence  3. 

6 .  For  t h e  r e f e r e n c e  m i s s i o n  chosen ,  t h e  d i s t r i b u t i o n  
o f  t h e  weight  a t  s e v e r a l  p o i n t s  i n  t h e  m i s s i o n  i s  
shown i n  T a b l e  A-2.  



TABLE A - 1  

LM P r o p e l l a n t  C a p a c i t i e s  

I 

D e l i v e r a b l e  

Mix tu re  R a t i o  and Gauging Inaccuracy  

Nominal Requirement 

D i s p e r s i o n s  Allowance 

A v a i l a b l e  f o r  AV 

* 
Usable 

Descent  

17,698.2 

M a l f u n c t i o n  Allowance -110.5 

Performance U n c e r t a i n t y  
Allowance -113.0 

D i s p e r s i o n s  Allowance -308.8 

RCS P r o p e l l a n t  A v a i l a b l e  
f o r  AV -- 

T o t a l  Usable f o r  AV 17,165.9 

R C S  

570.8 

-81.0 

-156.9 

- 4 4 . 6  

288 .3  

Ascent 

5 ,099 .8  

-11.1 

-- 
- 6 0 . 2  

+288.3 

5,316.8 

* 
Does n o t  i n c l u d e  i n c r e a s e  t h a t  would r e s u l t  from u s i n g  t h e  

" s t r e t c h e d  t a n k s "  l o a d i n g  concep t .  
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APPENDIX B 

CSM Weight and Performance Model 

Because o f  t h e  m i s s i o n  dependent  n a t u r e  of  t h e  AV 
r e q u i r e m e n t s  t h e  CSM a n a l y s i s  was s i m p l i f i e d  t o  c o n s i d e r  
v e l o c i t y  changes i n  two c a t e g o r i e s :  (1) w i t h  t h e  LM a t t a c h e d  
and ( 2 )  w i t h o u t  t he  LM a t t a c h e d .  S i n c e  maneuvers made i n  t h e  
l u n a r  v i c i n t t y  such  as CSM p l a n e  change and CSM a c t i v e  rendez-  
vous are made w i t h  approximate ly  500 l b s .  o f  crew and equipment 
removed, t h e  model i s  i n h e r e n t l y  c o n s e r v a t i v e .  Consumables 
were broken i n t o  two c a t e g o r i e s :  (1) weight loss b e f o r e  LO1 
and ( 2 )  weight  loss i n  l u n a r  o r b i t .  The t r a n s l u n a r  consumables 
were dropped e n t i r e l y  b e f o r e  c a l c u l a t i o n  o f  AV c a p a b i l i t y  w i t h  
t h e  LM and t h e  l u n a r  o r b i t  consumables were dropped b e f o r e  
c a l c u l a t i o n  of  AV c a p a b i l i t y  w i t h o u t  t h e  LM. The t r a n s l u n a r  
and t h e  l u n a r  o r b i t  consumables were 300 and 700 l b s .  r e s p e c -  
t i v e l y .  
employed. 

T a b l e  B - 1  g i v e s  a breakdown of t h e  m i s s i o n  consumables 

The m i s s i o n  independent  CSM AV budget  p r o v i d e s  f o r  
d e l i v e r y  of  t h e  LM t o  a 50 ,000  f t .  p a r k i n g  o r b i t  and subsequen t  
CSM a c t i v e  rendezvous .  The d e l i v e r y  t o  a 50 ,000  f t .  c i r c u l a r  
o r b i t  by a Hohmann maneuver r e q u i r e s  150 f p s  a d d i t i o n a l  CSM AV. 
For LM r e s c u e  by CSM a c t i v e  rendezvous t he  p r e s e n t  budget  p ro -  
v i d e s  7 9 0  f p s  which was r e t a i n e d  f o r  t h i s  s t u d y  as t h e  maximum 
r e q u i r e d  rendezvous budget .  The t r a n s l u n a r  and t r a n s e a r t h  
midcourse c o r r e c t i o n  budgets  were s e t  a t  1 0 0  f p s  and 60 f p s  
r e s p e c t i v e l y .  The cont ingency  a l lowance ,  i n c l u d i n g  any o r b i t  
r e t u r n ,  was se t  a t  210 f p s .  The m i s s i o n  independent  CSM AV 
budget  i s  g iven  i n  T a b l e  B-2. An SPS s p e c i f i c  i m p u l s e  o f  311 
seconds  was employed throughout  t h e  s t u d y .  



TABLE B-1 

CSM Expendables 

T r a n s l u n a r  

CSM I n e r t  

RCS 

T o t a l  t r a n s l u n a r  

- 91 
- 2 0 9  

-300 

-300 

Lunar  O r b i t  

LO1 t o  S e p a r a t i o n  

CSM I n e r t  - 36 

RCS - 56 

- 9 2  

S e p a r a t i o n  t o  Rendezvous S t a r t  

CSM I n e r t  - 55 

RCS -134 

-189 

Rendezvous S t a r t  t o  TEI  

CSM I n e r t  -289 

RCS * -130 

-419 

T o t a l  l u n a r  o r b i t  -700 

* 
Allows f o r  a nominal rendezvous w i t h  t h e  CSM i n  a 5 0 , 0 0 0  f t .  

o r b i t  and t h e  LM i n  a 10  n.m. (60760 f t . )  o r b i t .  
c a s e  r e s c u e  requi rement  would be on t h e  o r d e r  o f  600 
R C S  which i s  c a r r i e d  th rough  T E I  i n  t h i s  model. 

The wors t  
l b s .  o f  



TABLE B-2 

Mission Independent CSM AV Budget 

AV with LM 

Midcourse Corrections 

LM to 50,000 feet 

100 

150 

250 f p s  

AV without LM 

CSM Active Rendezvous 

Midcourse Corrections 

Contingencies 

790 

60 

210 

1,060 f p s  
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LM Weight and Performance 

Weights 
(Pounds)  

Descent  

C u r r e n t  I n e r t  C o n t r o l  Weight Less 
300 L b s .  S c i e n c e  Payload 

Landed Payload:  Consumables , 
H a b i t a b i l i t y ,  M o b i l i t y ,  S c i e n c e  

Descent  P r o p e l l a n t  

Ascent  

C u r r e n t  I n e r t  C o n t r o l  Weight 

RCS P r o p e l l a n t  

Ascent P r o p e l l a n t  

T o t a l  LM a t  E a r t h  Launch 

R e t u r n  Payload  

Performance 

4,251* 

1 ,854  

17 ,698  

4 , 867* 

283 

4,743 

33,696 

220  

Descent  I 

Descent  AV 
SP 

Ascent  I 

Ascent  hV 
SP 

Nominal D i s p e r s i o n  

301  s e c  4 s e c  

6800 f p s  

307.5 s e c  

150 rps 

4 . 1  s e c  

6 0 2 1  f p s  1 0  f p s  

* 
ments .  See Appendix A .  

Ad jus t ed  for m o d i f i e d  method o f  c a l c u l a t i n g  p r o p e l l a n t  r e q u i r e -  

FIGURE 6 
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e 

S i t e  - 
* Abulfeda 

South  of  Alexander  

D i  ony s i u s  

A r i s t a r c h u s  P l a t e a u  

Lunar E x p l o r a t i o n  S i t e s  

Gas s e n d i  

Hyginus 

L i t t r o w  

Tycho 

Coordina tes  

14'15's 14'00'E 

38" 4'N 13'29'E 

17O44'S 4Oo50'W 

7'30'N 7" 6'E 

22'12'N 29'12'E 

41'42's 11O42'W 

T r a j e c t o r y  Type 

F ree  Re tu rn  

Hybrid 3 impulse  
(no  DPS a b o r t )  

F r e e  Return  

Hybrid 3 impulse  
( n o  DPS a b o r t )  

Hybrid 

Hybrid 

Hybrid 

Hybrid 3 impulse  
( n o  DPS a b o r t )  

FIGURE 9 



BELLCOMM, INC. 

, 

Subject: Spacecraft Payload and Mission From: D. R. Anselmo Profile Changes for Lunar 
Exploration Missions - Case 310 

J. L. Marshall, Jr. 

Distribution List 

NASA Headquarters 

T .  A. Keegan/MA-2 
W. E. Stoney/MA 

R. L. Berry/FM5 
J. Funk/FM8 
J. F. Goree/PD5 
F. J. Herbert/FA4 
C. R. Hicks/FA4 
Q. S. Holmes/FM5 
C. R.  Huss/FM 
R. H. Kohrs/PD7 
J. P. Loftus/HA 
A. J. Meyer/HA 
C. H. Perrine/PD 
J. R. Sevier/PD12 
J. J. Taylor/FM8 

MSFC 

H. Ledford/R-SE-S 

TRW Systems 

J. Blahnik 
R. J. Gerbracht 
P. A. Penzo 

Bellcomm, Inc. 

A. P. Boysen, Jr. 
J. 0. Cappellari, Jr. 
D. A. Corey 
F. El-Baz 
D. R. Hagner 
W. G. Heffron 
N. W .  Hinners 
T .  B. Hoekstra 
D. B. James 
J. Z. Menard 
V. S. Mummert 
B. G. Niedfeldt 
P. E. Reynolds 
F. N. Schmidt 
R. Sehgal 
D. R. Valley 
R. L. Wagner 
All Members, Department 2013 
Central Files 

R Department 1024 Fi 
Library QOPp 

Abstract Only PO 
D. A. Chisholm 
B. T. Howard 
I. M. Ross 
J. W .  Timko 

GAEC 

H. Wagner 


